A national drinking water quality survey conducted in 2009 furnished data that were used to make an updated estimate of chronic arsenic exposure in Bangladesh. About 20 million and 45 million people were found to be exposed to concentrations above the national standard of 50 µg/L and the World Health Organization's guideline value of 10 µg/L, respectively. From the updated exposure data and allcause mortality hazard ratios based on local epidemiological studies, it was estimated that arsenic exposures to concentrations > 50 µg/L and 10-50 µg/L account for an annual 24 000 and perhaps as many as 19 000 adult deaths in the country, respectively. Exposure varies widely in the 64 districts; among adults, arsenic-related deaths account for 0% to 15% of all deaths. An arsenic-related mortality rate of 1 in every 16 adult deaths could represent an economic burden of 13 billion United States dollars (US$) in lost productivity alone over the next 20 years. Arsenic mitigation should follow a two-tiered approach: (i) prioritizing provision of safe water to an estimated 5 million people exposed to > 200 µg/L arsenic, and (ii) building local arsenic testing capacity. The effectiveness of such an approach was demonstrated during the United Nations Children's Fund 2006-2011 country programme, which provided safe water to arsenic-contaminated areas at a cost of US$ 11 per capita. National scale-up of such an approach would cost a few hundred million US dollars but would improve the health and productivity of the population, especially in future generations.
Introduction
Exposure to arsenic through drinking water sourced from groundwater is a global public health problem that is particularly devastating in Bangladesh. 1, 2 According to survey data from the early 2000s, an estimated 35 to 77 million people in the country have been chronically exposed to arsenic in their drinking water in what has been described as the largest mass poisoning in history. 2, 3 In rural areas, 97% of the population relies on tube wells 4 The health implications of chronic arsenic exposure in such a large population are substantial. 2 Between 2000 and 2003, 4.94 million tube wells throughout Bangladesh were tested for arsenic and marked as safe or unsafe. 8, 9 Since then, well switching has partially succeeded in reducing exposure. 10 However, sustaining the behaviour change required for long-term sharing of wells is difficult. Additionally, severely affected areas have few if any safe water options and need alternative drinking water sources. Areas showing high proportions of unsafe wells (i.e. wells whose water contains arsenic in concentrations > 50 µg/L, the Bangladeshi drinking water standard) are largely the same areas experiencing the highest arsenic concentrations (often > 200 µg/L). This suggests that interventions targeting areas with the highest proportion of unsafe wells are also likely to reach the population exposed to the highest arsenic concentrations and hence at highest risk of experiencing adverse health outcomes. 11 Mitigating the problem of water containing high levels of arsenic requires a sizeable investment into the water supply infrastructure. This paper provides evidence that such investment is economically justified when the health and economic burdens of unabated arsenic exposure are considered.
Arsenic exposure from drinking water in 2009
The 2009 Bangladesh Multiple Indicator Cluster Survey (MICS) included collection of drinking water for arsenic tests from 15 000 randomized households nationwide. Although the HRs from these studies are fraught with uncertainties that bear further investigation, we used them to estimate arsenic-related mortality in Bangladesh because they were the best data available.
To assess the impact of arsenic exposure on mortality in Bangladesh, we calculated the excess deaths from the estimated risk of death (hazard) among adults in each arsenic exposure category (Table 2 and Table 3 ). The MICS 2009 drinking water quality survey provided the population exposure estimates. 11 From the resulting population attributable fraction (PAF) we estimated the annual number of deaths for each district by using the area's adult population (based on the census and the age distribution from the Bangladesh Demographic and Health Survey 2007) 18 and an estimate of the crude death rate. Because
Bangladesh has no active vital registry system, we used a crude death rate for adults (> 15 years old) of 8.5 deaths per 1000 population, a figure based on WHO mortality estimates 19 and consistent with ICDDR,B Health and Demographic Surveillance System observations in Matlab and with crude death rates in other countries of southern Asia.
Using Sohel et al.'s HR for non-accidental deaths, we modelled excess deaths for all districts and arrived at an annual total of nearly 43 000 deaths, representing about 5.6% of all deaths, as being attributable to chronic arsenic exposure at current exposure levels ( (Table 5) . Interestingly, under either study the excess deaths among people exposed to arsenic concentrations of 10-50 µg/L (below the national standard) represent from 45% to 62% of all arsenic-related deaths. However, a proportion of the population that is currently in the 10-50 µg/L exposure group may have been exposed to higher arsenic concentrations in the past and have an increased risk of death reflective of previous rather than current exposure. In light of this, we used the total number of arsenic-attributable deaths -about 43 000 deaths per year -for our economic impact assessment, since it more accurately reflects total exposure, past and present.
Economic implications
We estimated the economic losses resulting from the arsenic-related mortality burden by calculating lost productivity in terms of per capita gross domestic product (GDP burden. This burden can be expected to grow as the country develops and life expectancy rises. The morbidity burden will also increase as diagnostic tests improve and better treatment methods prolong the lives of people with chronic arsenic-related disease, and the costs of medical care will increase in tandem.
Consequences of delaying action
In Bangladesh, arsenic-related diseases and deaths will increase in the future because the latency period after exposure lasts several decades. 2 Studies on chronic arsenic exposure in utero and in early childhood suggest an increased risk of fetal loss, infant death, reduced birth weight and impaired cognitive function in children, as well as significantly higher risks of impaired lung function, renal cancer and death from lung cancer, lung disease and acute myocardial infarction later in life. [22] [23] [24] [25] [26] Since an entire generation has now grown up exposed to arsenic, some children will become "arsenic orphans" as their caretakers succumb to arsenic-related diseases. These children may also be exposed to arsenic themselves, which would perpetuate the cycle of arsenic-related disease.
It is illustrative to examine the impact of arsenic exposure on children not yet born, whose future health will be affected by the concentration of arsenic in the water they begin drinking in utero, as shown by several studies. [22] [23] [24] [25] [26] [27] We contemplate three scenarios for will be attributable to exposure to arsenic concentrations above the national standard, depending on the exposure scenario. This exercise shows that any population-level reduction in arsenic exposure will result in decreased arsenic-related morbidity and mortality among children yet to be born. Similarly, any failure to sustain progress in arsenic mitigation will result in deaths that could have been prevented among members of future generations.
However, because of uncertainty and individual variation in arsenic exposure and latency period before disease onset, these analyses are qualitative and semiquantitative predictions at best.
Mitigation strategy
According to the model, Comilla is the district with the highest number of arsenic-related deaths -3748 adult deaths in 2009. This is because many people there are exposed to high arsenic concentrations (Table 4) . Resulting losses in productivity could amount to US$ 1.1 billion over the next 20 years in Comilla alone. 20 Supplying safe water to the district's population by installing water points with no more than 50 people per water point, as well as small communal piped water systems serving a few hundred households, would cost approximately US$ 44.2-49.2 million depending on the choice of water supply technology. 20 This would be a fraction of the economic losses that would result from continued arsenic exposure, and the health benefits to generations not yet born would be incalculable. Despite the considerable capital costs involved, the benefits of an immediate investment in an improved water supply system would far outweigh the costs. Sustainability and appropriateness for a given setting should drive the choice of one arsenic mitigation technology over another. 20 The water sector in Bangladesh urgently needs to find a sustainable way to supply safe water to people in areas with high arsenic exposure and to build capacity for local arsenic testing for surveillance. 28 Because of the dose-response relationship that characterizes arsenic-related health problems, the public health benefits of new safe water supplies can be As these examples suggest, past achievements can be lost if arsenic mitigation efforts are not sustained. Markings on wells from previous testing campaigns have now worn off and the motivation for promoting arsenic-safe water has waned. The top-down blanket testing approach of the past left no infrastructure in place for monitoring existing wells or for testing new wells. 30 Building testing capacity locally will lead to sustained awareness in areas with high arsenic exposure and give people more control over their water supply, although instilling a social norm of periodically testing well water is essential for sustainability.
Implementing a local pay-for-use testing system has already been found effective at motivating households to test wells and, in turn, has strengthened the commitment of the local population to undertake arsenic mitigation measures. By making it possible for people to know which local wells are contaminated and which ones are safe 31 and by strategically providing new water supply systems to the populations most exposed to arsenic, compliance 
